Of the three critical enhancer elements that mediate ␤-cell-specific and glucose-responsive expression of the insulin gene, only the identity of the transcription factor binding to the RIPE3b element (RIPE3b1) has remained elusive. Using a biochemical purification approach, we have identified the RIPE3b1 factor as a mammalian homologue of avian MafA/L-Maf (mMafA). The avian MafA is a cell-type determination factor that expressed ectopically can trigger lens differentiation program, but no mammalian homologue of avian MafA has previously been identified. Here, we report cloning of the human mafA (hMafA) and demonstrate that it can specifically bind the insulin enhancer element RIPE3b and activate insulingene expression. In addition, mMafA has a very restrictive cellular distribution and is selectively expressed in pancreatic ␤ but not in ␣ cells. We suggest that mMafA has an essential role in the function and differentiation of ␤-cells and thus may be associated with the pathophysiological origins of diabetes.
Of the three critical enhancer elements that mediate ␤-cell-specific and glucose-responsive expression of the insulin gene, only the identity of the transcription factor binding to the RIPE3b element (RIPE3b1) has remained elusive. Using a biochemical purification approach, we have identified the RIPE3b1 factor as a mammalian homologue of avian MafA/L-Maf (mMafA). The avian MafA is a cell-type determination factor that expressed ectopically can trigger lens differentiation program, but no mammalian homologue of avian MafA has previously been identified. Here, we report cloning of the human mafA (hMafA) and demonstrate that it can specifically bind the insulin enhancer element RIPE3b and activate insulingene expression. In addition, mMafA has a very restrictive cellular distribution and is selectively expressed in pancreatic ␤ but not in ␣ cells. We suggest that mMafA has an essential role in the function and differentiation of ␤-cells and thus may be associated with the pathophysiological origins of diabetes.
P
ancreatic ␤-cells synthesize and secrete insulin, which is essential for the maintenance of normal metabolism. Thus, a reduction in the functional mass of pancreatic ␤-cells results in diabetes. ␤-cell-specific expression of the insulin gene is regulated by transcription factors binding to three conserved insulin enhancer elements [E1 (Ϫ100 to Ϫ91 bp), A3 (Ϫ201 to Ϫ196 bp) and RIPE3b (Ϫ126 to Ϫ101 bp)] (1-5). Two of the three factors binding to these elements, PDX-1 and BETA2, have been identified and found to have profound roles in regulating pancreatic development and the differentiation of ␤-cells (6) (7) (8) (9) (10) (11) (12) (13) . Thus, transcription factors regulating insulin gene expression are key mediators of development, differentiation, and function of ␤-cells. Hence, identification and characterization of insulin gene transcription factors is critical for understanding the pathophysiology of diabetes.
Pancreatic ␤-cell-specific insulin gene expression results from the expression of a unique combination of PDX-1, BETA2, and RIPE3b1 factors in this cell type. The transcription factor PDX-1 is expressed in pancreatic ␤-cells and has a heterogeneous expression pattern in other pancreatic cell types and in the duodenum (6) (7) (8) (9) (10) 14) . BETA2 is expressed in all pancreatic endocrine cell types, some intestinal endocrine cells, and the brain (11) (12) (13) . The cellular distribution of RIPE3b-binding activity has been characterized by electrophoretic mobility-shift assay (EMSA) with nuclear extracts from both insulin-producing and non-insulin-producing cell lines (2, 3, 15, 16) . Two specific RIPE3b-binding complexes have been identified:(i) RIPE3b1 detected only in pancreatic ␤-cell lines, and (ii) the RIPE3b2-binding complex detected in all cell lines examined. The binding of these transcription factors to the A3, E1, and RIPE3b elements also regulates glucose-mediated alterations in insulin gene expression (3, (17) (18) (19) . Our earlier studies demonstrated that the binding activity of the RIPE3b1 activator was induced in response to acute changes in glucose concentration (3), while under glucotoxic conditions, the RIPE3b1 and PDX-1-binding activities were inhibited (20, 21) . These observations suggest that the RIPE3b1 transcription factor is critical for maintaining normal ␤-cell functions in response to alterations in glucose levels.
Here we report the identification and cloning of the transcription factor RIPE3b1, which binds to the third and remaining critical insulin enhancer element, as the mammalian homologue of an important avian regulator of cellular differentiation, MafA͞L-Maf (22, 23) . Expression of avian MafA is highly restricted to lens cells, and it regulates expression of multiple lens-specific genes (22, 23) . We demonstrate that the mammalian MafA (mMafA) also has a very restrictive cellular distribution and, furthermore, is capable of binding the RIPE3b element and activating insulin gene expression. We expect that mMafA will have an equally important role in regulating development, differentiation, and function of pancreatic ␤-cells based on such roles for other ␤-cell-specific transcription factors and the role of avian MafA in lens differentiation.
Materials and Methods
EMSAs. Wild-type and the mutant rat insulin II oligonucleotides used in the study have been described before (24) . The RIPE3b1 and RIPE3b2 factors can bind rat insulin II oligonucleotides RIPE3b, Ϫ139 to Ϫ101 bp, Ϫ114.113m, Ϫ125.124m, but not the oligonucleotides Ϫ139 to Ϫ101 bp, Ϫ110.109m, and Ϫ125.124m (24) . Other oligonucleotides used in the EMSA are wild type (5Ј-ACGTAGCATTCCAGCTGCTGACGGTGCAGCCTCT-CCCCCGAG-3Ј), or mutant ␣A-crystallin (5Ј-ACGTAGCAT-TCCAGCTGCTGCCGGTGCAGCCTCTCCCCCGAG-3Ј) (25) . Competition experiments were performed by simultaneous addition of radiolabeled probe and 50-fold excess unlabeled competitors to the binding reaction. For antibody supershift experiments, antibodies were preincubated with the nuclear extract for 20 min at room temperature, followed by another 20-min incubation in the presence of the radiolabeled probe and analysis by EMSA. Joel Habener (Massachusetts General Hospital, Boston) generously provided the anti-IDX-1 (PDX-1) antibody, while anti-cMaf and anti-nucleolin antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA).
Purification of the RIPE3b1. For large-scale purification, 20 ml of nuclear extract (26) (about 90 mg of total protein containing at least 100 pmol of the RIPE3b1 factor) from hamster insulinoma cell line HIT T-15 was loaded onto HiTrap heparin column (Amersham Pharmacia-Pharmacia Biotech), and fractions were eluted with binding buffer containing increasing amounts of salt. Fractions containing the RIPE3b1 binding activity were pooled into one heparin-pooled (HP) fraction. For affinity purification, annealed 5Ј-biotinylated (top strand) RIPE3b (Ϫ126 to Ϫ101 bp) dimer oligonucleotide (5Ј-TGA CTG GAA ACT GCA GCT TCA GCC CCT CTG GAA ACT GCA GCT TCA GCC CCA C-3Ј) was incubated for 1 h with the HP fraction followed by addition of 3 ml of streptavidin-agarose (Pierce). The mixture was packed into a column and washed with RIPE3b1-buffer containing increasing concentration of salt. Proteins present in the affinity-purified fractions were concentrated by using the Orgosol protein concentration kit (GenoTech, St. Louis). The concentrated fraction was run on an SDS͞PAGE 10% gel, and protein bands were detected using a silver stain kit (Bio-Rad).
To identify that the protein band contained the RIPE3b1 factor, SDS͞PAGE fractionation was performed (27) . An unheated purified fraction was run in duplicate on an SDS͞PAGE 10% gel. The gel was allowed to renature for 30 min and was then transferred onto a poly(vinylidene difluoride) (PVDF) membrane. The membrane was cut into two, and one half was stained with colloidal gold stain (Bio-Rad); the protein bands were cut from the other half and proteins were eluted in a buffer containing Triton X-100.
Concentrated purified protein fractions were run on an SDS͞ PAGE gel, and the 47-kDa protein band (approximately 45 pmol) was cut out. In-gel reduction, alkylation, and trypsin digestion were performed. Approximately 10% of the digested sample was used to determine the amino acid sequence of the tryptic peptides by microcapillary reverse-phase HPLC nanoelectrospray tandem mass spectrometry (LC͞MS͞MS) with a Finnigan LCQ quadrupole ion trap mass spectrometer at Harvard Microchemistry Facility.
Cloning of the Human MafA. Degenerate oligonucleotide primers corresponding to peptide sequences SDDQLV (WSIGAYGAY-CAR YTIGTIWS) and LYKEKY (TCRTAYT T YTCYT-TRTAIAR) of the 47-kDa protein were used in an reversetranscription PCR with RNAs from insulin-producing (HIT T-15 and MIN-6) and glucagon-producing (␣TC 1.6) cell lines. PCR product from HIT T-15 RNA was isolated, cloned, sequenced, and used to design specific internal oligonucleotide primers (5Ј primer GATGTCGGTGCGGGAGCTGAACC and 3Ј primer CCCACCTCCAGCTTCAGCTGCTC); cyclophilin primers have been described (28) . To clone the complete coding region of human MafA (hMafA), genomic DNA (CLONTECH) was used as a template with the 5Ј primer (ATGGCCGCGGAGCT-GGCGATG) and 3Ј primer (CAGGAAGAAGTCGGCCGT-GCCCT) in a PCR.
Northern Blot Analysis. Approximately 10 g of total RNA from mouse islets, insulin-producing (MIN6 and HIT-T15) and noninsulin-producing ␣TC1.6 cell lines were used for Northern blot analysis. N-terminal fragment (base pairs 1-473) of human MafA was labeled using Strip-EZ kit (Ambion, Austin, TX) for Northern blot analysis.
Determination of Insulin Gene Expression. HeLa cells were transfected with 2 g of luciferase reporter plasmid (Ϫ238 WT LUC or Ϫ122.121m LUC) (24), 0.5 g of pcDNA3.1 vector or full-length hMafA or an N-terminal deletion derivative of hMafA lacking the first 138 aa (⌬N-hMafA) cloned into pcDNA3.1, and 0.5 g of pSV-␤-galactosidase plasmid (Promega). Luciferase and ␤-galactosidase activities were determined 48 h after transfection. For immunostaining, HeLa cells were transfected with 1 g of rat insulin I:GFP reporter (Ϫ410 rINSI:GFP; GFP indicates green fluorescent protein) and 1.5 g of hMafA, ⌬N-hMafA or pcDNA3.1 expression plasmids. Fortyeight hours after transfection, HeLa cells were fixed with 10% buffered formalin, and fusion proteins were detected by using ␣HSV.tag monoclonal antibody and a secondary Texas redconjugated anti-mouse antibody.
Results and Discussion
Attempts to clone the RIPE3b1 factor by genetic approaches have been unsuccessful but resulted in the isolation of Rip-1 (15). The Rip-1 factor is a likely constituent of the ubiquitous RIPE3b2 complex, with a negligible effect on insulin gene expression (15) . Thus, a two-step purification approach was established to clone the ␤-cell-specific RIPE3b1 activator from hamster insulinoma cell line HIT T-15. As a first step, HIT T-15 nuclear extract was partially purified by using a HiTrap heparin column (Amersham Pharmacia-Pharmacia Biotech). Purified fractions containing RIPE3b1-binding activity were pooled into one HP fraction. This HP fraction contained about 85% of the recovered RIPE3b1 factor with a 2.5-fold purification (data not shown). The RIPE3b-binding factor was then affinity purified from the HP fraction by using a 5Ј-biotinylated RIPE3b oligonucleotide and streptavidin-agarose. The purified fractions were analyzed for binding to a rat insulin II Ϫ139 to Ϫ101 bp probe by EMSA [ Fig. 1A (24) ]. The Ϫ139 to Ϫ101 bp probe contains the RIPE3b and overlapping A2 elements. Five distinct factors (RIPE3b1, RIPE3b2, and three A2-specific complexes) can bind the Ϫ139 to Ϫ101 bp probe. Thus the Ϫ139 to Ϫ101 bp probe serves as a good indicator of the purification process. The RIPE3b1-binding activity was eluted in two fractions and was the predominant DNA-binding activity in these fractions. We were able to accomplish about 95-fold purification of RIPE3b1- binding activity as compared with the HP fraction and over 200-fold overall. The purified fraction was next analyzed on an SDS͞PAGE 10% gel along with the starting HIT T-15 nuclear extract and HP fraction. Results showed a significant purification after the affinity column, although the purified fraction still contained at least 10 bands as detected by silver staining (Fig.  1B) . The regions corresponding to the individual protein bands were cut, the proteins were then eluted and analyzed for the RIPE3b1-binding activity. One of the eluted proteins (Ϸ47-kDa) formed a RIPE3b-binding complex with identical electrophoretic mobility and competition profile as the RIPE3b1 complex [ Fig. 1C (24) ], demonstrating that the 47-kDa protein is highly enriched in the RIPE3b1 factor.
Amino acid sequences of the 47-kDa protein were determined by using HPLC tandem mass spectrometry at Harvard Microchemistry Facility. Results from this analysis identified the chicken transcription factor L-Maf (GenBank accession no. AF034570) as sharing identity with five tryptic peptides of the 47-kDa protein. L-Maf was originally cloned from a chicken embryonic lens cDNA library (22) but has also been cloned from quail and termed MafA (23) . The transcription factor MafA͞ L-Maf regulates lens cell-specific expression of crystallin genes and triggers the lens differentiation program. Thus far, no mammalian homologue of MafA͞L-Maf has been identified. Maf proteins are subdivided into two classes, ''large'' (236-370 aa; c-Maf, MafB, NRL, and MafA͞L-Maf), and ''small'' (149-162 aa; MafF, MafG, and MafK) (22, 25, 29, 30) . All large Maf proteins have an N-terminal serine͞proline͞threonine-rich acidic activation domain that is absent in the ''small-Maf'' proteins (29, 31) . However, both large and small Maf proteins have a high degree of similarity in the C-terminal basic and leucine zipper domains. Although all five tryptic peptides are from the C-terminal domain of MafA, several of the amino acids in these peptides discriminate this factor from the other Maf factors, suggesting that the RIPE3b1 factor is a previously unrecognized mammalian homologue of MafA (mMafA).
To confirm that RIPE3b1 factor is mMafA, we determined the expression of mMafA in insulin-producing cells and demonstrated that the RIPE3b1 factor can specifically bind a Mafbinding site. Furthermore we showed that the endogenous RIPE3b1 complex is recognized by a large Maf-specific antibody (Fig. 2) . Degenerate oligonucleotides were designed from the amino acid sequences of two tryptic peptides, such that the PCR product would contain the sequence corresponding to the remaining three peptides. Since RIPE3b1-binding activity is detected only in pancreatic ␤ cells and not ␣ cells, cDNAs from the insulinoma cell lines HIT T-15 and MIN-6, as well as from the glucagon-producing cell line ␣TC1.6, were used with degenerate oligonucleotide primers in a PCR. An approximately 300-bplong PCR product was amplified in this reaction from insulinproducing cell lines but not from ␣TC1.6 cells ( Fig. 2 A) ; this PCR product was cloned and sequenced. Then specific internal primers were designed and used in similar PCRs, again demonstrating expression of MafA only in insulin-producing cells. The deduced amino acid sequence obtained from the PCR product demonstrated the presence of the expected internal peptides, establishing that the avian MafA homologue is selectively expressed in insulin-producing cells.
MafA can bind chicken ␣A-crystallin Maf element (which is nearly identical to mouse ␣A-crystallin element), and mutations in this element inhibit DNA binding of MafA and transcriptional activation of the ␣A-crystallin gene (22, 25) . To demonstrate that the RIPE3b1 factor can specifically bind the Maf-binding site (Fig. 2B) , nuclear extract from HIT T-15 cells was incubated with the RIPE3b probe in the absence or presence of wild type or mutant RIPE3b oligonucleotides (24), with wild type or mutant Maf-binding oligonucleotides from mouse ␣A-crystallin gene as unlabeled competitors (22, 25) . The RIPE3b1 and RIPE3b2 factors can bind rat insulin II oligonucleotides RIPE3b, Ϫ139 to Ϫ101 bp, Ϫ114.113m, Ϫ125.124m, but not the oligonucleotides Ϫ139 to Ϫ101 bp, Ϫ110.109m, and Ϫ125.124m (24) , and thus showed the expected competition profile (Fig. 2) . Importantly, formation of both the RIPE3b1 and RIPE3b2 complexes was successfully blocked by competition by the wild type but not by an oligonucleotide containing a single-base substitution mutation in the Maf-binding site (Fig. 2B) . Similar results were obtained in a converse experiment using the Mafbinding site from the ␣A-crystallin gene as a probe (data not shown). The Maf family of factors recognize the extended DNA element TGC(N) 6 -7 GCA but show a significant variation in DNA-binding specificity for individual family members (29, 30, 32) . The RIPE3b element shows modest homology with the MAF-binding site of the mouse ␣A-cr ystallin gene (CTGN 6 CAGCC) and the MAF consensus sequence (TGCN 7 GC). Conserved GC nucleotides between Maf and RIPE3b element (Ϫ118, Ϫ117, and Ϫ109, Ϫ108 bp in rat insulin II gene) are important for the binding of RIPE3b1 and RIPE3b2 factors (24) . Interestingly, nucleotides upstream of the conserved region (Ϫ122 and Ϫ121 bp) are also critical for binding of these factors (24) . These results suggest that the RIPE3b element shares a reasonable homology with the consensus MAF-binding element and that the RIPE3b1 and RIPE3b2 factors belong to the Maf family of transcription factors. 2 . The RIPE3b1 factor is mammalian MafA. (A) Ethidium-bromideagarose-gel-electrophoretic analysis of PCR products amplified by using cDNAs from insulin-producing (HIT T-15 and MIN-6) and glucagon-producing (␣TC 1.6) cell lines. Degenerate oligonucleotide primers corresponding to peptide sequences of 47-kDa protein selectively amplify a PCR product (arrows) from cDNAs from insulin-producing cells. Gel-electrophoretic analysis of PCR products amplified by using internal primers and cyclophilin primers demonstrates that mMafA is expressed only in insulin-producing cells. HIT T-15 nuclear extract was incubated with radiolabeled RIPE3b probe (B) in the absence or presence of 50-fold excess of indicated unlabeled ␣A-crystallin wild type or mutant ␣A-crystallin competitors, or rat insulin II oligonucleotides; and (C) in the absence or presence of ␣c-Maf, ␣nucleolin, or ␣PDX-1 antibodies. Binding reactions were analyzed by EMSA, and the positions of the RIPE3b1 and RIPE3b2 complexes are indicated. Wild-type ␣A-crystallin competitor successfully competed for both the RIPE3b1 and RIPE3b2-binding activities. However, ␣c-Maf antibody that detects only large Maf family members recognized only the RIPE3b1 complex.
To confirm that the RIPE3b-binding factors belong to the Maf family of transcription factors, DNA-binding reactions were preincubated in the presence of anti-c-Maf (which recognizes only the large Maf family members), anti-nucleolin, and anti-PDX-1 antibodies (Fig. 2C) . Although, as shown in Fig. 2B , both RIPE3b1 and RIPE3b2 complexes specifically competed with wild-type but not mutant ␣A-crystallin oligonucleotides, anti-cMaf antibody specifically recognized only the RIPE3b1 complex and not the RIPE3b2 complex. This result demonstrates that the RIPE3b1 factor is a member of large Maf family of transcription factor and that the RIPE3b2 factor is most likely a small Maf factor. Of the four large-Maf family members, MafB and c-Maf have broad cellular distributions, while NRL and MafA have more restrictive expression (22, 25, 29, 31) . By reverse transcription PCR, we could detect expression of MafB in pancreatic ␣ and ␤ cells and that of c-Maf in ␣ cells. However, expression of NRL could not be detected in either of the pancreatic cell types (data not shown). mMafA is the only large-Maf family member that is selectively expressed in pancreatic ␤ cells, and our amino acid sequencing identifies it as the 47-kDa RIPE3b-binding factor; therefore, we suggest that RIPE3b1 factor is mMafA.
To clone the full-length gene, we compared the nucleotide sequence of the PCR fragment amplified by using degenerate oligonucleotide primers and the public human genome database. Results from BLAST analysis showed significant homology to all known Maf genes but the highest homology with a ''non-Maf'' region of the human genome on chromosome 8q24. Although there was significant sequence homology between human genomic contig and our fragment, annotation of the human genome (build 24) did not identify the human mafA (hmafA) gene in this region. Additionally, the publicly available Celera genomic assembly (GAX54KRCEUARB) contained a gap in the N-terminal region of the hmafA gene. Oligonucleotide primers based on the human genome sequence were designed to amplify the sequence around the region of homology, resulting in identification of an intronless ORF (352 aa) corresponding to hmafA (Fig. 3) . The coding region corresponding to hMafA was PCR-amplified by using human genomic DNA as a template. The predicted molecular mass of hMafA is approximately 36,850 Da, which is less than the purified protein band (47,000 Da). We suggest that the apparent difference is due to posttranslational modification of the hMafA. Quail MafA, a 286-aa protein with approximate molecular mass of 32,450 Da, is highly phosphorylated and has multiple isoforms ranging in size from 35 to 43 kDa (31) . Hence, it is quite likely that hMafA (352 aa), which is larger than quail MafA, can have an isoform with a molecular mass of 47 kDa. Amino acid sequence alignment of hMafA with other human large and small-Maf family members, chicken L-Maf, quail MafA, and zebrafish Smaf1, clearly shows that RIPE3b1 factor is more closely related to the chicken and quail protein than to other human Maf factors (Fig. 3 A and B) . hMafA is a member of the large-Maf family of transcription factors containing an N-terminal activation domain and C-terminal bZIP domain (Fig. 3C ). These observations demonstrate that a mammalian Maf factor, mMafA, is selectively expressed in insulin-producing cells.
Sequence analysis of the human genomic contig NT023684 using programs FGENESH 1.0 and FGENES-M 1.5 (http:// genomic.sanger.ac.uk) indicated the presence of possible transcription start and stop sites, predicting a full-length hMafA mRNA to be Ϸ2.7 kb in size. To demonstrate that the hMafA homologue is expressed in other mammalian systems, approximately 10 g of total RNA from insulin-producing and noninsulin-producing cells was used in Northern analysis with the N-terminal fragment of the hMafA as a probe. An Ϸ2.8-kb message from insulin-producing cells hybridized with the hMafA probe (Fig. 4B) , but no such signal was detected in the lane from glucagon-producing ␣TC1.6 cells, even though ethidium bromide staining showed equal amounts of RNA (Fig. 4A) . To further characterize the expression profile of mMafA, mouse [2 g of poly(A) RNA] multiple tissue Northern blot (Ambion) was hybridized with the same N-terminal hMafA probe (Fig. 4C) . RNA from E14 mouse embryo showed two faint bands corresponding to 1.9-and 2.8-kb transcripts. The presence of 1.9-kb transcript in E14 embryo may result from an alternative transcription start site suggesting an interesting regulation of this gene during embryonic development. In addition to expression in E14 embryo, a faint 2.8 Kb band was also seen in RNA from thymus, but no signal was detected from other tissues (heart, brain, liver, spleen, kidney, lung, testes, and ovary). Results from this analysis demonstrate that, like its avian counterpart, mMafA has a very restrictive cellular expression profile.
To confirm that RIPE3b1 factor is mMafA, we determined the ability of hMafA to bind the RIPE3b element and activate insulin gene expression (Fig. 5) . Both the full-length factor and an N-terminal deletion derivative (⌬N) that lacks the first 138 aa and the activation domain [based on comparison with other large Maf family members (29) ] were cloned in-frame with HSV.tag in expression vector pETBlue-2. The presence of the tag sequence increased the molecular size of full-length and ⌬N constructs (by Ϸ3.5 kDa) to 40.4 and 26.8 kDa, respectively. Interestingly, in vitro transcribed and translated full-length hMafA, using a TnT Kit (Promega), has an approximate molecular size of 50 kDa, while the ⌬N-hMafA protein runs at 28 kDa (Fig. 5B ). These observations demonstrate that the expressed mMafA protein is significantly larger than that predicted from the primary amino acid sequence. Furthermore, most of the posttranslational modification that alters the molecular size of the protein appears to affect the N-terminal 138 aa. These results support our observation that 36.8-kDa mMafA is present as a 47-kDa protein in HIT T-15 nuclear extract. To determine whether the hMafA can bind the RIPE3b element, rabbit reticulocyte lysates from in vitro translated full-length and ⌬N-hMafA constructs were used in EMSA (Fig. 5A) . Both full-length and ⌬N-hMafA bound the RIPE3b probe with DNAbinding specificity identical to that of the RIPE3b1 factor [ Fig.  5A , data not shown (24) ], and specific DNA-binding complexes were recognized by ␣HSV.tag antibody. By running the EMSA gel for an extended length of time, we could demonstrate a slight difference in the migration of the full-length DNA-binding complex and that of the endogenous RIPE3b1 factor present in HIT T-15 nuclear extract. We suggest that the difference in the migration of these complexes is possibly due to the presence of the sequence tag. Interestingly, the DNA-binding reaction with cotranslated hMafA and ⌬N-hMafA resulted in formation of three DNA-binding complexes: two corresponding to the full- (24) and indicated expression plasmid (hMafA, ⌬N-hMafA, or pcDNA3.1). Luciferase activity was determined 48 h after transfection. Results are presented relative to -238 WT luciferase activity Ϯ SE (n ϭ 4), after normalization for internal control. (D) HeLa cells were transfected with rat insulin I:GFP reporter (-410 rINSI:GFP) and indicated expression plasmids. Forty-eight hours after transfection, HeLa cells were fixed with buffered 10% formalin, and fusion proteins were detected by using ␣HSV.tag monoclonal antibody and a secondary Texas red-conjugated anti-mouse antibody. Expression of both hMafA and ⌬N-hMafA was localized to the nuclei (red) of the transfected cells. However, only hMafA was able to activate GFP expression from the insulin reporter construct (green), as seen in some hMafA-transfected cells with both GFP and Texas red fluorescence.
length and ⌬N-hMafA, and one with an intermediate migration.
Similarly, a combination of translated ⌬N-hMafA and HIT T-15 nuclear extract formed RIPE3b-binding complexes that migrated between the endogenous RIPE3b1 complex and the faster-migrating ⌬N-hMafA complex (data not shown). These results clearly demonstrate that hMafA most likely binds the RIPE3b element as a homodimer.
To demonstrate that mMafA can activate insulin gene expression, full-length and ⌬N-hMafA constructs were cotransfected with the wild-type (Ϫ238 WT LUC) and mutant (Ϫ122.121m LUC) insulin promoter:luciferase reporter constructs (24) in non-insulin-producing HeLa cells (Fig. 5C) . Alone, insulin reporters had very low-level expression in HeLa cells, and the mutation in the insulin enhancer at base pairs Ϫ122 and 121, which prevents binding of the RIPE3b1 factor, had no effect on the basal luciferase expression. Cotransfection of the full-length hMafA induced luciferase gene expression by several hundredfold over the Ϫ238 WT LUC construct alone. However, coexpression of hMafA with the mutant-reporter construct activated reporter-gene expression by only 15-20% of that of the WT construct. Interestingly, coexpression of ⌬N-hMafA did not activate either the WT or mutant constructs. These observations were visually confirmed by using an insulin:GFP reporter construct (Ϫ410 rINS I:GFP) and immunostaining with ␣HSV.tag antibody to detect expression of the full-length and ⌬N-hMafA. Fig. 5D shows that both full-length and ⌬N-hMafA proteins are expressed in HeLa cells and have nuclear localization but that only the full-length hMafA construct activated insulin gene expression. These results demonstrate that mMafA can specifically bind the insulin enhancer element RIPE3b and activate expression of insulin gene, thus establishing mMafA as the insulin gene transcription factor RIPE3b1.
Maf factors play important roles in cell determination and control of cellular differentiation. The mafB gene is important for the segmentation of the hindbrain (33) and contributes to monoblast and macrophage differentiation (34) . The transcription factor c-Maf has been implicated in lymphopoiesis and lens development (35, 36) . Expression of NRL (mouse) and MafA͞ L-Maf (quail͞chicken) is crucial for lens development (22, 25, 31) . Our demonstration of the insulin gene transcription factor RIPE3b1 as the mMafA reveals a role for the Maf family of transcription factors in regulating pancreatic ␤ cell function. Based on the important developmental role of the avian MafA factor, we suggest that mMafA (RIPE3b1) regulates the development and differentiation of pancreatic ␤ cells. In addition, earlier results showed that the RIPE3b1 factor regulates ␤ cell-specific and glucose-responsive expression of insulin; thus cloning of the RIPE3b1͞mMafA should lead to better understanding of ␤ cell function during the development of diabetes.
Note Added in Proof. While this manuscript was under review, a recent Human Genome build no. 28 indicated that the hMafA is located on chromosome 8q24 as well as on chromosome 11p15.
